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Abstract 
The increasing responsibility of companies for sustainable manufacturing of their products requires a resource-efficient use of a machine tool.  
Aside from technical measures regarding the machines, life cycle oriented services present a high potential for improving resource efficiency. 
In order to exploit these potentials systematically, a method to identify and to analyze impacts of services on the resource efficiency of a 
machine tool is required.  
In this paper, existing approaches for increasing the resource efficiency of a machine tool are analyzed. Then a framework is presented that 
enables manufacturers of machine tools to improve the resource efficiency of their machines with different services.  
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1. Introduction 
Sustainable manufacturing plays an indispensable role 
within the global economy [1]. Resources are becoming 
scarcer and increasing energy prices influence the 
competitiveness of manufacturing companies. Thus, resource 
efficiency becomes an important customer requirement for 
machine tool manufacturers to deal with.  
For this reason, machine tool manufacturers have 
implemented numerous technical measures in order to 
increase resource efficiency of their machine tools. For 
example, the compressed air and the electrical energy are 
identified as two dimensions which are highly responsible for 
the energy consumption of a machine tool [2]. Technical 
measures could be optimizing components and process 
parameters (e.g. cutting speed), or reducing the cycle time [3]. 
The auxiliaries also offer high potential to decrease the energy 
consumption (e.g. optimization of the cooling system) [4].  
The aim of this paper is to present a framework for 
increasing the resource efficiency of a machine tool by life 
cycle oriented services, which complements the existing 
technical measures. In the second section of this paper, a short 
introduction of technical Product-Service Systems and 
different types of services is given. In the third section, 
approaches of Life Cycle Assessment and for calculating 
resource efficiency are analyzed. These approaches build the 
basis for identifying the influence of services on the resource 
efficiency of a machine tool. Part three includes existing 
technical measures as well. In the last part, the framework for 
increasing the resource efficiency of a machine tool by life 
cycle oriented services is illustrated. 
2. Technical Product-Service Systems 
Technical Product-Service Systems (PSS) aim at a more 
economic and ecological usage of capital goods [5]. They  
refer to a technical product that is completed and enhanced by 
different services along its life cycle [6, 7]. The offering of 
different services has become common practice in the 
machine tool industry. While in the past, the pure offering of 
services was viewed as a means of differentiating in 
international competition, today nearly every manufacturer 
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offers different services related to a machine tool. These 
services can be classified in following categories [8]: 
x Technical services aim at enhancing the technical 
product (e.g. maintenance). 
x Qualifying services aim at improving the qualification 
of customer’s personell (e.g. operator trainings). 
x Process-oriented services aim at improving the 
production processes of the customer (e.g. application 
improvement). 
x Logistical, information-providing and financial 
services aim to support the customer’s company (e.g. 
spare part supply, product information and leasing). 
 
The delivery of these services can take place along the PSS 
life cycle from a customer’s perspective (figure 1). This 
consists of the investment phase, the usage and the disposal of 
the technical product [9]. 
 
Figure 1: PSS life cycle from a customer´s perspective 
While the first approaches regarding the design and delivery 
of PSS aimed at increasing ecological sustainability, newer 
research has a strong focus on the economic dimension of 
sustainability (cost, quality etc.). Due to the ongoing increase 
of material and energy costs, a strong demand for ecological 
solutions is rising in the machine tool industry. Thus, resource 
efficiency becomes an important quality criterion of machine 
tools respectively of PSS [10]. A targeted combination of a 
machine tool and different services opens up a promising 
approach to increase resource efficiency of a machine tool. 
3. Existing approaches for improving resource efficiency 
of a machine tool 
In order to improve resource efficiency of a machine tool 
by services, first a suitable method for assessing resource 
efficiency is necessary. Therefore, methods of Life Cycle 
Assessment as well as methods for calculating resource 
efficiency are presented and analyzed. The last part of this 
section contains existing technical measures to increase the 
resource efficiency of a machine tool. 
3.1. Approaches for the Life Cycle Assessment of a machine 
tool 
The Life Cycle Assessment (LCA) is an approach to 
analyze environmental aspects and potential impacts of a 
product´s life cycle, starting with the raw material acquisition 
and ending with the final disposal [11]. The LCA provides an 
ecological view for the whole life cycle of a product. It 
consists of the four steps: goal and scope definition, the 
inventory analysis, impact assessment, and interpretation of 
the results. For evaluating the impacts of a product, different 
methods can be used, e.g. the eco-indicator, the cumulative 
energy demand (CED) and the material intensity per service 
unit (MIPS) [12].  
The CED represents the energy demand of a product or of 
a service for the life cycle phases manufacturing, usage and 
disposal [13]. It describes the sum of the cumulative energy 
consumption (CEC) and the cumulative non-energy demand 
(CND). The CED focuses on all primary energies. Primary 
energy refers to energy carriers from nature which have not 
been converted through technical means.  
When calculating the CED of services, the special 
characteristics of services have to be considered, which is to 
say that services are intangible and produced and consumed at 
the same time [14, 15]. The CED of services can be calculated 
by adding together the CED to provide resources for the 
potential dimension (CEDR) and the CED for the service 
delivery process (CEDS) [15]. The CEDR is the sum of 
primary energy means from the manufacturing of the 
resources as well from the acquisition, processing, 
manufacturing and disposal of the resources, including the 
transportation. The CEDS is the sum of energy expenditures 
valued as primary energy in the process of service delivery 
[15]. 
The material intensity per service unit (MIPS) assesses 
products, services, enterprises, and regions ecologically. The 
material demand during a life cycle is calculated back to its 
resource demand. This means all input demands caused 
during a life cycle are summed up. The result of this method 
is the material input (MI) of a service or of a product [12].  
3.2. Approaches for calculating resource efficiency of a 
machine tool  
A common approach for evaluating the resource efficiency 
of a product is an energetic comparison of input and output. 
The energetic balance of a product, which in this case is a 
machine tool, is presented in formula 1. The equation includes 
the input of energy Ein, of the value-added energy Eadd and of 
the lost energy Eloss [2]: 
ܧ௜௡ ൌ ܧ௔ௗௗ൅ܧ௟௢௦௦ (1) 
The same equation specified for machine tools is as 
follows [2]: 
ܧ௠௧ǡ௜௡ ൌ ܧ௠௧ǡ௣௥௢௖௘௦௦൅ܧ௠௧ǡ௟௢௦௦ (2) 
The energy input of a machine tool is described in (2) as 
Emt,in instead of Ein. The value-added energy Eadd is equal to 
Emt,process and the lost energy Eloss to Emt,loss. The efficiency of a 
machine tool for a defined period of time can be measured as 
follows: 
ߟ௠௧ǡா̴௣௥௢௖௘௦௦ ൌ ாುೝ೚೎೐ೞೞா೘೟ǡ೔೙ ൌ
ாುೝ೚೎೐ೞೞ
ா೛ೝ೚೎೐ೞೞାா೘೟ǡ೗೚ೞೞ (3) 
Another approach for determining the resource efficiency 
of a product is to find the ratio between the product benefit 
and the use of resources over the whole life cycle [16]. The 
input is the total amount of used resources, and the output is 
the product benefit. The product benefit must be defined for 
each product (e.g. manufacturing performance of a machine 
tool). The use of resources consists of the total amount of 
Purchase
UsageInvestment
Decision Disposal
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energy and material which is necessary during the life cycle 
[16]. 
With regard to increasing resource efficiency of machine 
tools by services, the last mentioned approach is most 
suitable. It considers resources in terms of materials and 
energy along the life cycle of a product according to LCA 
principles and views them in relation to the product benefit. 
This last aspect considers the fact that PSS are customer-
specific solutions, which aim to provide a superior customer 
benefit [7]. Consequently, the customer benefit has to be 
taken into account when improving resource efficiency of a 
machine tool by services. 
3.3. Measures to improve resource efficiency of a machine 
tool 
In recent years, numerous technical measures to increase 
resource efficiency of a machine tool have been developed 
and implemented. For example, Neugebauer et al. propose a 
focus on energy relevant aspects during the product 
development process when defining the product geometry or 
deciding its manufacturing processes and strategies [17]. 
Further technical measures were developed within a German 
research project [18]. They explore the potential of using 
more energy efficient components for the motor and pumps of 
the cooling lubricant system (for low pressure supply), for the 
motor of the suction, for the thermal management of electrical 
enclosures, and for the machine cooling system. Another 
option to reduce energy consumption is to optimize the 
process by reducing the consumption of the cooling lubricant 
system, implementing shorter cycle times and avoiding high 
pressures of the cooling lubricant system [18, 19]. With 
regard to [18, 19], an overview of technical measures for 
improving energy efficiency is presented in table 1. It shows 
optimization potentials to reduce the energy consumption for 
different parts of a machine tool. The cooling units, both 
hydraulic and pneumatic, offer the possibility to save nearly 
one third of the total energy consumption of a machine tool 
[19]. The standby mode is also a highly efficient measure, 
saving 6.6 % of the energy consumption. 
In the literature, the most significant indicators can be 
differentiated in the dimensions of mode, component and 
process parameter [3]. The standby mode is the highest 
influencing factor for energy consumption in the mode 
dimension [3]. The components with the most energy demand 
are the auxiliaries and pumps of the cooling lubricant system 
[4]. The most important process parameter is the cutting speed 
[20, 21]. It influences the cycle time and the standby time of a 
machine tool [20, 21]. These identified factors match with the 
findings of the aforementioned research project. In response 
to these findings, solutions are presented in the literature, such 
as an intelligent shut-down of the auxiliaries like the drives 
and pumps. An optimization of the cooling units as well an 
optimal adjustment of the cutting speed are recommended [3, 
4].  
This analysis shows an excerpt of existing measures for 
increasing resource efficiency of a machine tool with a strong 
technical focus. The influences of life cycle oriented services 
on the resource efficiency of a machine tool are not 
considered systematically yet. For example, it is not clear how 
much resources it is possible to save with predictive 
maintenance or with retrofit. This opens up further potential 
for increasing resource efficiency through analysis.  
Table 1: Technical measures for optimizing the energy consumption of a 
machine tool [19] 
Technical measures % of energy reduction 
Optimized cooling units 9,6 
Hydraulic  8,0 
Cooling unit for the speed drive with 
external heat sink technology 6,9 
Reduction of sealing air, pneumatics 
system  6,6 
Standby mode 6,6 
IE2-motor (optional IE3) 3,2 
Low-loss gear motor 1,9 
Frequency inverter-auxiliary drives  1,8 
Synchronized bleed valves  1,7 
Low-watt valves 0,6 
Rest energy consumption of machine 53,1 
 
4. Framework for increasing the resource efficiency of a 
machine tool by life cycle oriented services 
In this section, a framework is presented that serves to 
increase the resource efficiency of a machine tool by life 
cycle oriented services (figure 2). 
 
Figure 2: Framework for increasing the resource efficiency of a machine tool 
The first step consists of the specification and analysis of 
the life cycle of a machine tool within the customer 
environment. The second step involves the determination of 
the deployed resources as well as the assessment of the 
Analysis of the life cycle of a machine tool
Identification of services to increase the resource 
efficiency of a machine tool 
Evaluation of the impacts on the resource efficiency of 
a machine tool
Assessment of the resource efficiency of a machine tool
179 Gü lsü m Mert et al. /  Procedia CIRP  15 ( 2014 )  176 – 181 
resource efficiency of machine tool. In step three, services to 
increase the resource efficiency are identified. Finally, in step 
four, the impacts of the services on the resource efficiency of 
a machine tool have to be evaluated. 
4.1. Analysis of the life cycle of a machine tool 
First, the life cycle of a machine tool from the customer 
perspective has to be analyzed. In general, the life cycle from 
the customer perspective consists of the main phases 
investment, usage, and disposal (see figure 1). In the next 
step, these main phases have to be specified into sub-phases. 
Sub-phases represent each activity of a customer in 
connection with the machine tool, beginning with a first 
customer consultation over the procurement and installation 
of the machine tool, to the usage including maintenance, and 
the disposal. These sub-phases must be identified and 
documented by structured interviews with lead customers and 
manufacturer personnel with close customer contact. 
4.2. Assessment of resource efficiency 
Second, the deployed resources within the documented life 
cycle of a machine tool from the customer perspective are 
determined and the resource efficiency is assessed. Due to the 
definition of life cycle phases, it is possible to determine the 
use of resources for each sub-phase along the life cycle. 
Therefore, the resources must be calculated and allocated to 
sub-phases. With regard to the presented framework, this is 
done only for those sub-phases, which have a significant 
resource consumption. For example, a customer consultation 
within the investment phase could be neglected. The resources 
considered in this framework are materials and energy. Those 
are to be specified for the selected sub-phases (figure 3). 
 
Figure 3: Allocated resources to the life cycle phases of a machine tool 
In the next step, the amount of the identified resources has 
to be measured within the selected sub-phases. Different 
measuring methods and technologies should be used for data 
gathering (e.g. evaluating machine data, customer surveys 
etc.). In this way, the amount of resources within the 
individual sub-phases can be determined. The result is a 
detailed overview of resource consumption in each sub-phase 
of the life cycle in the customer environment. After that, these 
values are to be aggregated to the total amount of material as 
well as to the total amount of energy.  
In order to assess resource efficiency of a machine tool, the 
approach according to [16] is adapted (see 3.2). Here, the total 
amount of materials and the total amount of energy used in 
the sub-phases (Rmt) are considered in relation to the customer 
benefit of the machine tool (Bmt). Within this approach, the 
customer benefit of a machine tool Bmt is defined as the 
performance of the machine tool regarding a defined 
manufacturing process. The performance can be described by 
a utility function U(t) which is determined by the usage, the 
availability and the product attributes of the machine tool over 
its whole life cycle. In order to determine the resource 
efficiency, the indicators of material efficiency and energy 
efficiency are examined. The resource efficiency indicator of 
a machine tool Rmteff is exemplified in formula 4.  
ܴ௠௧௘௙௙ ൌ ஻೘೟ோ೘೟ (4) 
The customer benefit Bmt for the whole lifetime of a machine 
tool depends on the utility function U(t) and is presented in 
formula 5. 
ܤ௠௧ ൌ ׬ ܷሺݐሻ௅௧଴  (5) 
The total amount of materials and energy used in the sub-
phases are described in formula 6. 
 
ܴ௠௧ ൌ ܴ௜௡௩௘௦௧௠௘௡௧ ൅ ܴ௨௦௔௚௘ ൅ ܴௗ௜௦௣௢௦௔௟  (6) 
4.3. Identification of services to increase resource efficiency 
The third step involves identifying services which have the 
potential to increase resource efficiency of a machine tool. In 
general, there are two possibilities to increase resource 
efficiency with services. First, the amount of resources can be 
reduced with a constant or increasing customer benefit. 
Alternatively, the benefit of a machine tool can be increased 
with a constant or comparatively lower additional amount of 
resources. This paper focuses on the first possibility. In order 
to identify the relevant services, an overview of the existing 
services provided by the machine tool manufacturer is 
necessary. Therefore, the existing services, classified 
according to the categories mentioned in section 2 of this 
paper, must be assigned to the appropriate sub-phases of the 
life cycle. An example is depicted in figure 4. 
The existing services of a machine tool manufacturer are 
assigned to the respective matrix field. Any matrix fields 
without a service build a gap for potential services in order to 
increase resource efficiency. In particular, those sub-phases in 
which a high resource consumption was identified (see step 2) 
constitute promising levers to increase resource efficiency. 
Thus, ideas for additional services can be added in order to fill 
the gaps. The result is a list of existing and potential services 
with a potential impact on the resource efficiency of the 
machine tool.  
 
Investment Usage Disposal
Manufacturing
Material Energy
Steel Electricenergy
Cooling
lubricant …
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Figure 4: Identification of services in the service matrix 
4.4. Evaluation of the impacts on the resource efficiency  
In the last step of the framework, the impact of the defined 
services on the resource efficiency of the machine tool are 
evaluated. To that end, the defined services are matched with 
the resources used within the individual sub-phases of the life 
cycle of a machine tool from the customer perspective. Figure 
5 shows an example of the matrix for evaluating the impacts 
of services on the resources used within the sub-phase of 
manufacturing. Sample evaluations are also included. 
 
Figure 5: Evaluation of impacts on resource efficiency 
Within this example, no training and leasing services are 
considered as services within the sub-phase “manufacturing”. 
Maintenance is also not included, but has to be considered as 
a separate sub-phase. However, consulting and spare part 
delivery are existing services that have to be evaluated with 
regard to the influence on resource efficiency of the machine 
tool. For example, a consulting service for improving 
manufacturing processes executed on the machine tool could 
lead to less scrap. This consulting service could also serve to 
enable the machine operator to use the machine tool with less 
energy consumption. Further, operating with a worn out 
cutting tool leads to higher cutting forces in order to conduct a 
specific manufacturing process; thus, a tool change at the 
right time has a potential to save electric energy. This can be 
influenced by a condition-based spare part service. Depending 
on the availability and quality of data, this evaluation can be 
done either qualitatively or quantitatively. In this example, a 
qualitative evaluation is used in order to illustrate the 
framework.  
Based on this evaluation, a prioritization of services can be 
done. The extent of services is defined based on the objectives 
of a machine tool manufacturer and on the customer 
requirements. In the last step, the effects achieved by the 
selected services on resource efficiency of the machine tool 
are determined. Therefore, the assessment of resource 
efficiency presented in step 2 must be repeated. 
5. Conclusion  
In this paper, a framework for increasing the resource 
efficiency of a machine tool by life cycle oriented services is 
presented. The framework complements existing technical 
measures with services for increasing the resource efficiency 
of a machine tool. Therewith, a further method is provided for 
machine tool manufacturers to design and deliver resource-
efficient PSS. By this means, they will be able to contribute 
more strongly to the sustainable manufacturing carried out by 
their industrial customers. Future research is needed for this 
framework to be further specified and validated with 
industrial use cases from the machine tool industry. In so 
doing, a quantitative evaluation of the impact of services on 
the resource efficiency of a machine tool will be pursued.    
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